Abstract. The mosquito Anopheles gambiae Giles sensu stricto (Diptera: Culicidae), the principal vector of malaria in West Africa, comprises several chromosomal forms (e.g. Bissau, Forest, Mopti, Savanna) associated with climatic zones. Here we show how climate data can be used to map the geographical distribution of these chromosomal forms. The climate at 144 sites surveyed for mosquitoes in West Africa between 1971 and 92 was determined using computerized climate surfaces. Forest and Bissau forms occurred at relatively wet sites: median annual precipitation 1325 mm and 1438 mm, respectively, interquartile ranges (IQR) 1144±1858 mm and 1052±1825 mm), whilst the Mopti form was found at dry sites (annual 938 mm, IQR 713±1047 mm) and the Savanna form at sites intermediate between the wet and dry forms (annual 1067 mm, IQR 916±1279). Logistic regression analyses of the climate variables were carried out on a strati®ed random sample of half the sites. The resulting models correctly classi®ed over 80% of the sites for presence or absence of each chromosomal form. When these models were tested against excluded sites they were also correct at over 80% of sites. The combined data produced models that were correct at over 86% of sites. Mean annual precipitation, evapotranspiration, minimum temperature and maximum temperature were the most important climate variables correlated with the distribution of these forms of An. gambiae. We used the logistic models to map the distribution of each chromosomal form within the reported range for An. gambiae s.s. in West Africa employing a geographical information system. Our maps indicate that each chromosomal form favours particular climate envelopes in well-de®ned ecoclimatic zones, although these forms are sympatric at the edges of their ranges. This study demonstrates that climate can be used to map the distribution of chromosomal forms of insects across large areas.
Introduction
Mosquitoes of the Anopheles gambiae complex are amongst the most important vectors of malaria in tropical Africa (White, 1974; Coluzzi, 1984) . The complex consists of at least six sibling species exhibiting varying degrees of ecological and behavioural differences and, consequently, important contrasts in their vectorial ef®ciency. Three of the sibling species are adapted to freshwater breeding sites: An. gambiae Giles sensu stricto predominates in humid areas and is generally highly anthropophilic; An. arabiensis Patton extends into drier savanna areas, is more zoophilic and exophilic; and An. quadriannulatus Theobald is zoophilic, comprising allopatric taxa in Ethiopia and southern Africa (Hunt et al., 1998) . Two saltwater-tolerant species, An. melas Theobald of West Africa and An. merus Donitz of East Africa, are generally more exophagic and zoophilic and thus less ef®cient vectors than An. gambiae s.s. The sixth species, An. bwambae White occurs around hot springs in Uganda (Gillies & DeMeillon, 1968) .
Sympatry of two or more sibling species is a common phenomenon among members of the An. gambiae complex (White, 1974 (White, , 1985 Lindsay et al., 1998; Coetzee et al., 2000) . In Senegambia, for instance, An. arabiensis, An. gambiae s.s. and An. melas occur together at many sites (Bryan et al., 1982) . The chromosomes of all sibling species in the complex show ®xed paracentric inversion differences, as well as intraspeci®c inversion polymorphism (Coluzzi, 1984) . An. arabiensis and An. gambiae s.s. have the most polymorphic chromosomal inversions, especially in West Africa (Coluzzi et al., 1979 (Coluzzi et al., , 1985 Petrarca et al., 1983; Bryan et al., 1987) . This intraspeci®c inversion polymorphism widespread among An. gambiae s.s. and An. arabiensis, the two most important African malaria vectors, mainly involves the chromosome arm 2R. In An. gambiae s.s., there is presence of nonrandom mating with partial or complete absence of interbreeding between carriers of certain inversion karyotypes (Bryan et al., 1982; Toure Â et al., 1994; Toure Â et al., 1998) . The inversions most frequently observed in this species include j, b, c, d and u, on chromosome 2R and a, on chromosome 2L. The ®ve 2R inversions associate in various combinations (Coluzzi et al., 1979) . The chromosomal forms identi®ed to date have been broadly differentiated into Forest and Savanna forms. Incomplete intergradation between some non forest populations, characterized by different inversion karyoptype frequencies, has led to their recognition as named forms Bamako, Bissau, Mopti and Savanna. Where they are sympatric, these forms differentially¯uctuate seasonally (Toure Â et al., , 1998 . Point maps of sites where these different forms occur together (Bryan et al., 1982; Coluzzi et al., 1985) show that their inversion frequency variations correlate well with environmental clines, indicating adaptations to climatic and ecological conditions (Coluzzi et al., 1979; Thomson et al., 1997) .
Recently it has been shown that An. gambiae s.s. exists as two distinct molecular forms, designated M and S (Favia et al., 1997) , that are not clearly concordant with the different chromosomal forms (Toure Â et al., 1998; Della Torre et al., 2001; Gentile et al., 2001) . Thus the chromosomal forms may not be reproductively isolated throughout West Africa (della Torre et al., 2001) . Instead they are more likely to represent adaptations to particular habitats since most inversions show distinct seasonal or geographical changes in frequency or both (della Torre et al., 2001) . We previously showed how climate, particularly differences in wetness, can be used to map the distribution of An. arabiensis and An. gambiae s.s. (Lindsay et al., 1998) . Here we examine whether de®ning the climate envelope suitable for each chromosomal form based upon point samples could be used to map their distributions over larger areas.
Methods

Data sources
Information on the occurrence of chromosomal forms of An. gambiae s.s. at locations in West Africa was obtained from published literature. Literature was sought by initial keyword searches on BIDS and MEDLINE using`Anopheles gambiae' and`chromosomal inversion' as search terms. Studies were included in the analysis if the article contained information on the prevalence of the chromosomal forms or frequency of the inversion polymorphisms, and the names of sites where the mosquito samples were collected or a map identi®ed the geographical locations of sites. Where a study did not report the presence of chromosomal forms, presence or absence of a form was determined using the following classi®cation scheme developed from inversion frequencies proposed by Coluzzi et al. (1985) : Forest (2R and 2L standard arrangements or < 10% chromosome 2 inversions), Savannah (> 20% 2Rb and 2La or 2Rcu/2Rbcu), Bissau (> 20% 2Rd and < 10% 2Rb, 2La), Mopti (> 20% 2Rbc or 2Rbcu) and Bamako (> 20% 2Rj and 2Rcu or 2Rbcu). For studies presenting only names of study sites, geographical locations were obtained from the National Imagery and Mapping Agency database, accessed via the GEOnet Names Server (http://www.nima.mil/gns/html).
Climate data
Latitude and longitude co-ordinates were used to obtain climate data for each selected site. A computerized environmental database, the spatial characterization tool, SCT (Corbett & O'Brien, 1997) , operating within a geographical information system (GIS, Arc/Info, GIS Version 7.2; ESRI, Redlands, CA), was used to determine the values of climate variables at each site. For each location we obtained estimates of mean annual monthly values for precipitation (P); potential evapotranspiration (PE); mean minimum temperature (T min ) and mean maximum temperature (T max ).
Data analysis
Data for Bissau, Forest, Mopti and Savanna forms were analysed, but Bamako was excluded because of insuf®cient data (n = 6). Statistical analysis was performed using SPSS software (Version 10 for Windows, SPSS Inc., Chicago, IL). Climate variables were not normally distributed and were described by the median and inter quartile ranges. Comparisons between forms were analysed using nonparametric statistics. The complete data set was divided into two using strati®ed random sampling to ensure that a similar proportion of positive and negative sites for each form was included in both subsets. Half the data (72 sites) were used for constructing the pilot model, whilst the remainder (72 sites) was used for validating the model. Our expectation of sympatry between chromosomal forms made simple polychotomous logistic regression inappropriate. We therefore used binary logistic, using stepwise backward selection, for each chromosomal form in order to determine the combination of climate variables that characterized the presence or absence of each form. We assumed that at sites where the probability of ®nding a form was b 0.5 the form was present and where it was < 0.5 it was absent. Standard diagnostics were used to determine the quality of the models. Logistic regression equations, based on the original exploratory data set, were used to map the probability of each chromosomal form within the climatically determined species range for An. gambiae s.s. (Lindsay et al., 1998) using the GIS.
Results
Climate characteristics
A total of 171 sites where surveys had been carried out were identi®ed from the literature. Of these, the latitude and longitude were found for 144 sites (Fig. 1, Table 1 ). The results of the univariate analysis are shown in Table 2 . Forest and Bissau chromosomal forms were more prevalent in wetter regions, the Mopti form favoured dry and hot conditions and the Savanna form occurred between the two extremes.
Models
We used four separate models representing each of the chromosomal forms. The general formula for a binary logistic regression equation is:
. Thus, z for the Savannah form in the ®nal model (see Table 3 ) = 75.223 + (± 0.008 Q P) + (± 0.024 Q PE) + (± 3.583 Q T min ) + (1.647 Q T max ).
Logistic regression coef®cients of the explanatory variables for absence or presence of a form suggested by each model are shown in Table 3 . The percentage of sites correctly classi®ed as absent or present for the different chromosomal forms in the pilot model was 94.4% for Forest, 87.5% for Mopti, 95.8% for Savanna and 84.7% for Bissau (Table 4 ). These models were based on the analysis of 72 sites from the original 144 sites. We tested our models against the sites excluded from the analysis and found that we accurately predicted 87.5% of Forest, 90.3% of Mopti, 80.6% of Savannah and 80.6% of Bissau. When the data were combined the models correctly predicted 87.5% of Forest, 88.9% Mopti, 87.5% of Savanna and 86.8% of Bissau.
The signi®cance levels in our models are imprecise because both the chromosomal and environmental data are likely to be spatially autocorrelated, and therefore not independent. However, at present there is not a satisfactory method for incorporating spatial dependence within logistic regression analyses (Lennon et al., 2000) .
Mapping
Using the climate boundaries provided by the original exploratory model, we generated probability surfaces describing the distribution of four chromosomal forms of An. gambiae s.s. in West Africa (Fig. 2) . The Mopti form is con®ned to the northern fringes of the Sahel, whilst the Bissau and Forest forms dominate to the west and south of the region, respectively. The Savanna form, that has the widest distribution of all, dominates in the centre of the distribution of An. gambiae s.s.
Discussion
Climate is a ®rst order determinant governing the distribution of insects and operates at a coarse spatial scale (Andrewartha & Birch, 1954; Sutherst et al., 1995) . We showed previously that climate data can be used to map the distribution and relative abundance of An. gambiae s.s. and An. arabiensis (Lindsay et al., 1998) , two of the most important vectors of malaria the Afrotropical Region. Here we demonstrate that climate variables can also be used to map the West African subregional distribution of An. gambiae s.s. chromosomal forms.
It is impractical to produce precise distribution maps of the different chromosomal forms of An. gambiae s.s. across West Africa based solely on the analysis of ®eld specimens. Reading Anopheles polytene chromosomes by microscopy (Coluzzi, 1968; Hunt, 1973) or molecular characterization (Favia et al., 1994) to identify the chromosomal forms are both skilled and labour intensive techniques. Here we augment studies of the distribution of chromosomal forms carried out over the past 30 years using climate data to de®ne their differential geographical ranges. Climate variables used to generate the models were able to correctly predict the occurrence of the Bissau, Forest, Mopti and Savannah forms at more than 86% of sites. Thus the suggestion from many inversion polymorphism studies that the distribution of these genetic variants is climate related has been con®rmed and exploited by this study.
Our distribution maps of chromosomal forms of An. gambiae s.s. in West Africa con®rm that the Savanna form dominates across the savanna belts, hence its name (Coluzzi et al., 1985) . To the north, Mopti has adapted to the hot and dry climate typical of the northern Sahel, associated with the seasonally¯ooded habitats¯anking the Niger river system and arti®cially irrigated areas (Toure Â et al., , 1998 . The Bissau form is associated with western wet forests, whilst the Forest form is predicted more frequently in the wet southern and eastern forests of West Africa. Evidently each form has adapted to living in particular ecological regions, summarized by our climate envelopes, and these distributions correspond with well-de®ned ecoregions for West Africa (Bailey, 1989) . All chromosomal forms occur within the Humid Tropical Domain. Thus Mopti form occurs in the north of the Savanna Division, Savanna occupies the remainder of the Savanna Division, whilst Bissau and Forest forms are found in the Rainforest Division. Since within an area weather conditions change during the year, the relative abundance of the different chromosomal forms will vary accordingly as conditions change to suit one form over another. It is also likely that at the same place and time different forms are present that seek out their preferred climate envelopes in speci®c microclimates, thus each chromosomal form's climate preference may operate at a range of temporal and spatial scales from the micro to the macro level.
Although at least some of these chromosomal forms of An. gambiae s.s. are considered to represent divergent`incipient species' with very limited gene¯ow between them, notably Mopti vs. Savanna (Chandre et al., 1999; della Torre et al., 2001) , although current molecular markers M and S are not entirely concordant with their chromosomal differences, indicating variable degrees of introgression across their ranges (Black & Lanzaro, 2001) . Thus the inversion karyotype differences apparently represent differential adaptations to particular ecological settings, rather than provisions of distinct mate-recognition mechanisms (della Torre et al., 2001; Gentile et al., 2001) .
Distribution maps of vectors are often important for understanding the epidemiology of the diseases they transmit. However, we know little about how the different chromosomal variants of An. gambiae s.s. may affect the epidemiology of malaria. There are indications that the 2La inversion in An. gambiae s.s. is associated with biting and resting indoors, perhaps in part re¯ecting their adaptations to drier environments (Coluzzi et al., 1977 (Coluzzi et al., , 1979 Coluzzi, 1982) . In this situation strongly endophilic forms are likely to be more ef®cient vectors than exophilic ones since, if all else is equal, endophilic forms are more likely to feed on people, pick up malaria parasites and infect others. A study of An. arabiensis in south-western Ethiopia found that DDT resistance levels were not uniform among the alternative chromosomal inversion arrangements, being associated with the 2Rb inversion (Nigatu et al., 1995) . Thus indoor spraying with DDT would not be as effective against individuals with this arrangement. However, the greatest signi®cance of the different chromosomal forms of An. gambiae s.s. is that, together, they represent a stable vector system whereby different chromosomal forms can adapt rapidly to changes in weather and climate. Thus the overall intensity of malaria transmission and infection may change little within the region, even though the relative abundance of the different forms found there may vary appreciably in time and space. The distribution maps presented here provide a means for testing that assumption.
